Background: Lead is widely distributed in the environment and has been found to be associated with various health problems including neurodegenerative diseases. Purpose: In view of the increasing health risk caused by lead, this study has been carried out to investigate the neuroprotective effect of omega-3 fatty acid (omega-3FA) in lead-induced neurotoxicity in rats. Methods: Biochemical parameters including oxidative stress in brain regions, lead levels in blood and brain regions and histopathological examination of brain regions of rats were carried out in the present study. Results: Rats exposed to lead (lead acetate 7.5 mg/kg body weight p.o. for 14 days) caused a significant increase in the levels of lipid peroxidation, protein carbonyl content, ROS production and decreased the activities of glutathione peroxidase, superoxide dismutase and catalase in the cerebellum and cerebral cortex, respectively, as compared to controls. Abnormal histopathological changes and increase in the levels of lead in blood and brain were also observed as compared to controls. Co-treatment of lead with omega-3FA (750 mg/ kg body weight p.o. for 14 days) decreased the levels of lipid peroxidation, protein carbonyl content, ROS production and increased the activities of glutathione peroxidase, superoxide dismutase and catalase and showed protection in the histopathological study as compared to rats treated with lead alone. Conclusions: The result of the present study shows that lead-induced oxidative stress and histopathological alteration in the brain region were significantly protected with co-treatment of lead and omega-3FA. This could be due to its strong antioxidant potential and metal-binding property.
Introduction
Lead is a ubiquitous heavy metal that exists in the environment due to its natural origin and as a result of industrial uses. It causes insidious hazard with potential adverse health effects and brain-related disorders and diseases [1, 2] . Exposure to lead in humans mainly occurs through petroleum products, leaded paints and drinking water, which all result in cardiovascular, renal, immune, bone and neurological disorders [3] [4] [5] . Notably, the developing nervous system is more vulnerable to the toxicity of lead; therefore, children are at a higher risk to be affected by its toxicity [6] . Occupational exposure to lead among industrial workers leads to the accumulation of this heavy metal in their body organs and tissues [7] . Experimental studies suggested that cholinergic dysfunction, glutamate receptor alteration and enhanced oxidative stress were all associated with lead-induced neurotoxicity [8, 9] .
Epidemiological studies have revealed that chronic poisoning of lead may cause CNS injury in young children and also affects their growth, decreased intelligence, short-term memory, hearing loss, permanent brain damage and even death [10] . Studies have also reported that exposure to lead even at a low level may cause peripheral artery disease, hypertension, renal problems, neurodegeneration and cognitive impairment and behavioural dysfunctions [11] . High lead exposure among occupational workers has been reported to be associated with enhanced generation of free radical species leading to oxidative damage and depletion of antioxidant defence system in the individuals [12, 13] . Peripheral neuropathy has also been observed in lead neurotoxicity that further cause reduced motor activity due to loss of myelin sheath and thus impaired the signal transmission between nerves, causing muscular weakness, especially of the exterior muscles, fatigue and lack of muscular coordination [14] .
Metal chelating agents and natural antioxidants have been used to explore their beneficial effects in lead-induced neurotoxicity [9, 15, 16] . The increasing evidences support the beneficial effect of an increased intake of omega-3 fatty acids (omega-3FA) in a variety of neurodegenerative and neurological conditions [17] . The dietary sources of omega-3FA are fish and sea foods, which are rich sources of DHA. The role of omega-3FA especially DHA in brain development is gaining widespread attention [18] . DHA, which is the core member of omega-3FA, is highly concentrated in the brain and the outer segments of retinal rods and cones, constituting around 50% of the total polyunsaturated fatty acids [19] . Numerous studies have reported that maternal supplementation of DHA during gestation has neuroprotective effects against prenatal stress-induced brain dysfunction, hyperoxic injury and hypoxic ischemic injury [20, 21] . Several evidences from animal and human studies have shown a positive association between DHA and cognitive development [22] . Recently, Rathod et al. [23] reported that the role of omega-3FA in influencing brain health and well-being. In our earlier studies, we have reported that omega-3FA significantly reduced the lead-induced oxidative stress and lead levels in blood and brain associated with brain damage in a long-term exposure study (90 days). The results were similar to that of standard drug, vitamin E [15] . In another study, we have also reported that lead-induced impairment in neurotransmitters levels linked with motor activity, grip strength and learning and memory performance in wistar rats significantly corrected following co-treatment with lead and omega-3FA in the cerebral cortex and cerebellum of brain for 14 days of treatment [16] . In continuation to this study, the present study has been carried out to explore the neuroprotective efficacy of omega-3FA in lead-induced neurotoxicity in cerebral cortex and cerebellum of rats. 
Methods

Chemicals
Animals and Treatment
Male Wistar rats ( n = 24) of approximately same weight (180 ± 20 g) were purchased from the animal house of CSIR-Indian Institute of Toxicology Research, Lucknow (UP), India and acclimatized for 1 week before experimental use. The animals were separately housed in polypropylene cages at room temperature of 22 ± 2 ° C, relative humidity of 50 ± 10% and 12-h light dark cycles. They were allowed to have free access to pellet diet and water ad libitum. The study was approved by the Institutional Animal Ethics Committee (34/IAH/Pharma-12) of King George's Medical University, Lucknow, India and all experiments were carried out within the guidelines of the committee for the purpose of control and supervision of experiments on animals , Ministry of Environment and Forests (Government of India), New Delhi, India.
Rats were randomly divided into four groups (control and experimental groups) and simultaneous treatment was given to all 6 animals in each group as follows:
Group I : rats were treated with distilled water (vehicle), which serves as control for 14 days.
Group II: rats were treated with lead acetate (7.5 mg/kg b.w.t./ oral) for 14 days.
Group III: rats were treated with omega-3FA (750 mg/kg b.w t./oral) for 14 days.
Group IV: rats were treated with lead acetate and omega-3FA in combination identically as in groups II and III for 14 days.
Blood Collection and Tissue Homogenate Preparation
After the last dose of treatment, rats were made to fast for 12 h before being anesthetized by injection (intraperitonial) of sodium pentothal solution (50 mg/kg b.w.t.). Blood sample was withdrawn Ann Neurosci 2017;24:221-232 DOI: 10.1159/000481808 through retro-orbital plexus and collected in EDTA-coated glass tubes for estimation of blood lead levels. Five rats from each treatment group were sacrificed by cervical decapitation and brains were immediately excised, cleaned, weighed and dissected into the cerebellum and cerebral cortex according to the method suggested by Glowinski and Iversen [24] . Both cerebellum and cerebral cortex were processed for the analysis of biochemical assays. For the histopathological studies, whole brain from each group were perfused with the help of 4% paraformaldehyde and used for the study. The brain regions were homogenized in a phosphate-buffered solution and used for the biochemical analysis after suitable sample preparation.
Biochemical Parameters
Measurement of Reactive Oxygen Species ROS levels in the brain region were performed according to the method of Socci et al. [25] with few modifications by using 2,7-dichlorofluorescin diacetate that is converted into highly fluorescent 2,7-dichlorofluorescin by hydrogen peroxide. Fluorescence was determined at 488-nm excitation and 525-nm emission of wavelengths using a fluorescence plate reader. The amount of ROS level was expressed as nmol/min/mg protein.
Assay of Lipid Peroxidation
Lipid peroxidation was analyzed as a measurement of thiobarbituric acid reactive substances (TBARS) by using the standard protocol [26] . The reaction mixture in a final volume of 3.0 mL contained the tissue homogenate (0.1 mL), 500 μL of 8% SDS, 500 μL of 20% glacial acetic acid and 1.5 mL of 0.8% TBA. The mixture was placed in a boiling water bath for 1 h at 100 ° C and immediately shifted to crushed ice bath for 10 min. The mixture was centrifuged at 2,500 g for 10 min. The intensity of pink color formed during the reaction was read at 532 nm. The amount of TBARS during the reaction was calculated using a molar extinction coefficient of 1.56 × 105 M cm -1 .
Assay of Protein Carbonyl Content
Protein carbonyl content was measured by the method suggested by Levine et al. [27] using 2,4-dinitrophenylhydrazine as a substrate. The optical density was read on spectrophotometer at 375 nm and the amount of carbonyl content (C) was calculated using a molar extinction coefficient (ε) of 22.0 m M -1 cm -1 for aliphatic hydrazones.
Assay of Superoxide Dismutase Activity
The activity of SOD in brain regions was assayed by the method suggested by McCord and Fridovich [28] . The assays were carried out in 2 sets; to the first set 0.2 mL Nitro blue tetrazolium, 0.2 mL phenazinemethosulphate, 1.8 mL sodium pyrophosphate buffer and 0.1 mL enzyme source were added. To the second set, all the above reagents except the sample were added. The reaction was started simultaneously by adding 0.2 mL nicotinamide adenine dinucleotide. After an interval of 90 s, 0.5 mL glacial acetic acid was added to each tube for checking the reaction. The absorbance was read at 560 nm against the blank. Net change in OD that corresponds to amount of reduction of nitro blue tetrazolium was considered to calculate the SOD activity, which was expressed as units/ min/mg protein.
Assay of Catalase Activity
Catalase activity was assayed following the method of Aebi [29] , using H 2 O 2 as the substrate. The decrease in absorbance at 240 nm was recorded after every 30 s for 2.5 min. The activity of the enzyme was calculated using the molar extinction coefficient 43.6 M cm -1 and values are expressed in units/min/mg protein.
Assay of Glutathione Peroxidase Activity
GPx activity was measured by the procedure of Pagila and Valentine [30] . The reaction mixture consisting of 50 m M potassium phosphate buffer, EDTA (1 m M ), NaN 3 (1 m M ), NADPH (0.2 m M ), GSSG-R (1 unit), GSH (1 m M ) was set in a total volume of 2.5 mL. Samples were added to the above mixture and allowed to incubate for 5 min at room temperature. The reaction was initiated by adding H 2 O 2 (0.25 m M ). Optical density at 340 nm was recorded for 3 min after every 30-s interval. The enzyme activity was expressed as μmol/min/mg protein.
Protein Estimation
Protein content was assayed by the method suggested by Lowry et al. [31] , using serum albumin (bovine) as a reference standard.
Estimation of Lead Content in Blood and Brain Regions
Lead levels in blood and brain regions (cerebellum and cerebral cortex) were estimated as described by Gupta and Gill [32] . The optical density was read at 283 nm by using the graphite furnace atomic absorption spectrophotometer. A calibration curve was constructed by adding known amounts of lead standard to calculate lead levels in the blood and brain tissue and data were expressed as μg/dL blood or μg/g wet tissue.
Histopathological Studies
Brain regions (cerebellum and cerebral cortex) from different animal groups were fixed at 10% neutral buffered formalin for the histopathological examination. After proper fixation, the brain tissue was rinsed with water and dehydrated in ascending order of alcohols (30, 50, 70 , 90, and 100%) and then cleaned in xylene. Paraffin blocks were prepared and cut into 2-4 μ thin sections. Sections were stained with haematoxylin and eosin, cleaned in xylene, mounted in DPX and examined under light microscope for interpretation.
Statistical Analysis
Data has been expressed as the mean ± SE. The statistical analysis was carried out by GraphPad Prism 5.01 using one-way analysis of variance followed by Newman-Keuls test for multiple pairwise comparisons among the groups. Values up to p < 0.05 have been considered significant.
Results
Effect on Body and Brain Weight
Oral administration of lead acetate in rats for 14 days resulted in a decrease in the body weight (13%) and no significant changes were found in brain weight as compared to controls. Co-treatment with lead and omega-3FA in rats caused no significant changes in body DOI: 10.1159/000481808 weight and brain weight as compared to rats treated with lead alone ( Table 1 ) . No significant changes in body weight and brain weight were observed in rats treated with omega-3FA alone as compared to control ( Table 1 ) .
Effect on the Reactive Oxygen Species Level
To assess the level of oxidative damage to the biological membrane, the effect of lead and co-treatment of lead and omega-3FA on reactive oxygen species in cerebral cortex and cerebellum of brain have been carried out and presented in Figure 1 . The levels of ROS were significantly increased in cerebral cortex (72%) and cerebellum (59%) of rats treated with lead when compared to controls. Cotreatment with lead and omega-3FA in rats caused a decrease in the ROS level in cerebral cortex (27%) and cerebellum (22%) in comparison to rats treated with lead alone. No significant change in the ROS levels was observed in brain regions of rats treated with omega-3FA alone when compared to rats in the control group ( Fig. 1 ) .
Effect on Lipid Peroxidation and Protein Carbonyl
Contents A significant increased level of TBARS and protein carbonyl content in cerebral cortex (58%, 72%) and cerebellum (52%,75%) were observed in rats treated with lead as compared to control ( Fig. 2 , 3 ). Co-treatment with lead and omega-3FA in rats caused a significant decrease in TBARS and protein carbonyl contents in cerebral cortex (23%, 31%) and cerebellum (25%, 23%) as compared to rats treated with lead alone ( Fig. 2 , 3 ) . No significant change in both TBARS and protein carbonyl contents was observed in brain regions of rats treated with omega-3FA alone as compared to controls ( Fig. 2 , 3 ) .
Effect on Superoxide Dismutase and Catalase Activities
The activity of SOD and catalase was significantly decreased in cerebral cortex (38%, 44%) and cerebellum (23%, 42%) of lead-treated rats as compared to ontrols ( Fig. 4 , 5 ) . Co-treatment with lead and omega-3FA was found to significantly increase the activity of SOD and catalase in the cerebral cortex (35%, 51%) and cerebellum (15%, 44%) when compared to rats treated with lead alone. No significant change in both SOD and catalase activity was observed in brain regions of the rats treated with omega-3FA alone as compared to controls ( Fig. 4 ,  5 ) . Effect on Glutathione Peroxidase Activity A significant decrease in GPx activity in cerebral cortex (29%) and cerebellum (36%) of rats were observed in the lead-treated group as compared to controls. Co-treatment with lead and omega-3FA was found to significantly increase the activity of GPx in cerebral cortex (36%) and cerebellum (31%) when compared to rats treated with lead alone. No significant changes in the GPx activity were observed in brain regions of rats treated with omega-3F alone as compared to controls ( Fig. 6 ) .
Effect on Lead Levels in Blood and Brain Regions
The levels of lead were significantly increased in cerebral cortex (1.7 fold), cerebellum (1.8 fold) and in blood ( Table 2 ). There was a significant decrease in the levels of lead in cerebral cortex (1.5 fold), cerebellum (1.6 fold) and in blood (2.5 fold) of rats co-treated with lead and omega-3FA as compared to rats treated with lead alone. No significant changes in the level of lead in the brain regions and blood were observed in rats treated with omega-3FA alone as compared to controls ( Table  2 ) .
Effect of Lead on Histological Changes of Brain Regions
Histopathological examination of lead exposure caused neuronal damage in Purkinjee and granular cell layer (40%) in cerebellar regions. Co-treatment of rats with lead and omega-3FA reverses the brain damage (42%) in cerebellar region as compared to rats treated with lead alone ( Fig. 7 a) . White matter showed diffuse oedema characterized by variable-sized fluid-filled spac- es and damage in cerebral cortex (21%), while perinuclear showed hollow and vacuolation in cerebral cortex as compared to controls ( Fig. 7 b) . Co-treatment of rats with lead and omega-3FA protects the brain damage (16%) in cerebral cortex as compared to rats treated with lead alone ( Fig. 7 b) . Treatment of rats with omega-3FA alone did not change the brain structure as compared to controls.
Discussion
A number of studies have revealed that exposure of lead even at low doses is extremely dangerous and results in a variety of neurological disturbances [33, 34] . Epidemiological studies have reported higher frequency of infertility, stillbirths, miscarriages, spontaneous abortion and other neurological disorders in many lead-exposed occupational workers [35] . Exposure of lead to the cell or tissue may cause damage to the nervous system through various mechanisms. It can cross the blood-brain barrier and disrupt the structural components of brain by producing injury to the glial cells, primarily in the cerebral cortex, cerebellum and hippocampus [36] . It is selectively deposited in these brain regions and found to be associated with behavioral abnormalities, learning impairment, decreased hearing, neuromuscular weakness and impaired cognitive functions in humans and in experimental animals [37] . It may also result in many biochemical alterations and a variety of neurological disorders, such as mental retardation, behavioral problems, nerve damage, Alzheimer's disease, schizophrenia and Parkinson's disease [38, 39] . Studies have also reported the association of lead exposure to CNS damage and cause forgetfulness, irritability, poor attention span, headache, fatigue, impotence, dizziness and depression [40] . In the present study, lead exposure was associated with a decrease in body weight when compared to control rats, which was consistent with the previous studies [40] . Exposure to lead may reduce growth and food consumption through the contact of lead with appetite-depressant receptors in the gastrointestinal tract [41] . We have also observed the increased levels of lead in the brain region, which further provides experimental evidence that lead can cause blood-brain barrier and impart its toxic effects. The generation of free radicals associated with the enhanced oxidative stress following exposure to lead has been reported [42] . Experimental studies have shown an increase in lipid peroxidation and impaired antioxidant defence enzymes in brain following lead exposure, suggesting enhanced oxidative stress [43, 44] . Lead exposure is also linked with the depletion of brain GSH contents as indicated by the GSSG/GSSG + GSH ratio [45] . Studies have reported that lead-exposed animals showed a decrease in antioxidant defense mechanisms, such as catalase and superoxide dismutase, suggesting an increase in oxidative stress [9, 46] . In vitro and in vivo studies have revealed that lead exposure may enhance the generation of ROS and increase the oxidative stress through changes in the antioxidant defense systems in animals [47] . Lead has been found to have high affinity for free-SH groups in enzymes and proteins and hence its binding with these enzymes can alter their efficacy and function. Oxidative stress, induced by disrupting the antioxidant balance in the cells [48] , deregulation of cell signalling and neurotransmission alteration have been regarded as potential mechanisms involved in lead-induced neurotoxicity [49] . Earlier, in a long-term exposure study, we have reported that omega-3FA significantly reduced the lead-induced oxidative stress and lead levels in blood and brain associated with brain damage [15] . In the present study, an increase in the level of lipid peroxidation and protein carbonyl contents, decreased levels of SOD and catalase and reduced glutathione clearly indicate the enhanced oxidative stress following lead exposure in rats. The results of the present study were in agreement with the results of previous studies [50] .
Studies have been showed that omega-3FA has immunomodulatory, antidiabetic and cardioprotective effects [51] . It could be used for treatment of various diseases including coronary heart disease, cancer and neurological disorders [52] . It also has the ability to cross the bloodbrain barrier and imparts a potent antioxidant role in the CNS [53] . It has a strong antioxidant potential, as it scavenges free reactive oxygen and enhances endogenous antioxidant capabilities [54] . Ross et al. [55] reported the antioxidant activity of omega-3FA, as it reversed the effect of lead toxicity on ROS, protein carbonyl content and MDA levels, which may be attributed due to its high content of omega-3FA. Further, the oil present as main constituents in omega-3FA has an important role in free radical scavenging and singlet oxygen quenching [56] . In humans, the decreased levels of DHA, an important constituent of omega-3FA were found to be associated with neurodegenerative diseases, such as Alzheimer's disease [57] , suggesting the beneficial role of DHA to brain health. Studies have been suggested that DHA protected rats against neuronal injury in experimental brain ischemia [58, 59] and reduced β-amyloid cellular damage [60, 61] . A number of in vitro and in vivo studies reported that lead exposure might cause the generation of ROS and changes in the antioxidant defence systems in animals and may also occur in human beings [62, 63] .
Studies have also reported that omega-3FA, DHA and EPA readily enter the brain, most likely by simple diffusion [64] and exhibits a variety of biological activities including strong anti-oxidant, anti-apoptotic, antiinflammatory and neuroprotective activity [65, 66] . Further supplementation of omega-3FA may preserve phospholipid ratio in the cell membrane by reducing lead toxicity. It is therefore suggested that omega-3FA offers protection against lead neurotoxicity by abovementioned activities and by preventing the accumulation of lead in the brain by eliminating it through urine. The chelating ability of omega-3FA with lead, which has not been clearly understood, but the antioxidant effect could be the possible mechanism of action that might ameliorate the lead-induced enhanced oxidative stress and impart neuroprotection. We have previously reported that omega-3FA is capable of reducing free radical damage either directly acting as a free radical scavenger or indirectly stimulating antioxidant enzyme activities and recovery of brain damage against long-term exposure of lead [15] . In the present study, lead-induced increase in lipid peroxidation and protein carbonyl contents, decreased levels of SOD, catalase and glutathione peroxidase and reduced glutathione have been found to be protected following co-treatment with lead and omega-3FA indicating its neuroprotective efficacy. The increased level of lead in brain and blood has also been found to be decreased in rats co-treated with lead and omega-3FA. A decrease in lead levels in these brain regions could be due to the metal binding and antioxidant properties of omega-3FA.
DOI: 10.1159/000481808
Abdel Moniem et al. [67] reported that lead toxicity affects the normal histological structure of the brain and affect the pharmacological and physiological functions performed by them. Further, lead encephalopathy in rat brain has been found to be linked with the cerebral edema, muscular changes and focal cerebellar atrophy involving Purkinje and granular cells and neuronal degeneration [68] . Exposure to lead in rats affects the normal histological structure of the brain and causes disturbances in the normal functions performed by it. Lead toxicity also damages the nerve cells and ganglia linked with the damage of cellular structure as well as the neuronal degeneration as a result of lead encephalopathy in rat brain [69, 70] .
Studies have shown that lead damages the nerve cells as well as ganglia and also alters the cell structure causing cerebral edema, and focal cerebellar atrophy and neuronal degeneration as a result of lead encephalopathy in rat brain [69] . Treatment with omega-3FA has been found to restore cellular functions, reduce oxidative stress and inflammation, repair cellular damage and mitigate the activation of apoptotic processes after traumatic brain injury in human [71] . Earlier, we have reported that long-term lead exposure produces loss of pigmentation, perinuclear hollow and appearance of diffused oedema in the brain regions and causes alterations in the normal functions performed by them. In the present study, histological damage including neuronal degenerative changes like vacuolation, demyelination, perinuclear hollow and appearance of small shrunken cell in the brain regions have been found to occur due to lead toxicity. The co-treatment with omega-3FA with lead causes a significant decrease in the histopathological changes induced by lead acetate in the brain regions and partially restored these changes as compared to rats treated with lead alone.
Conclusions
In conclusion, our findings clearly indicate that lead induced oxidative stress and histopathological alterations in rats suggesting that it is one of the hazardous heavy metals. Omega-3FA has been found to ameliorate the lead-induced oxidative stress that could be mediated either directly by scavenging ROS and inhibiting the over production of lipid peroxidation. Further, toxic effects of lead have also been found to be protected by omega-3FA due to its ability to bind with the metal and reduced the load of lead in the body. Omega-3FA supplementation in combination with lead acetate minimizes the effects of biochemical changes and histopathological alterations caused by lead exposure. There were no significant changes observed in any of the parameters following treatment with omega-3FA alone in rat brain regions.
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